The second messenger cAMP is frequently utilized in mammalian cells to regulate a variety of physiological processes. Cyclic AMP is generated at the plasma membrane in response to the occupancy of G-protein-coupled receptors. This ultimately leads to the stimulation of adenylyl cyclases, the enzymes that produce cAMP. The newly synthesized cAMP diffuses into the cell where it is available to activate a variety of effector proteins. These include protein kinase A (PKA) 4 (reviewed in Ref. 1), cAMP-regulated ion channels (2), and Epac guanine nucleotide exchange factors (3). Activation of the PKA holoenzyme occurs upon binding of cAMP to the regulatory (R) subunits. This promotes dissociation of the active catalytic (C) subunits from the tetrameric complex and results in the phosphorylation of substrates in the vicinity of the active kinase (4, 5). PKA holoenzymes are classified as either type I or type II on the basis of their R subunit composition (RI or RII) (6). Four genes encode R subunits (RI␣, RI␤, RII␣, and RII␤). These proteins have distinct physical properties and affinities for cAMP (1). Because PKA is a broad specificity serine/threonine protein kinase that regulates a wide range of cellular processes, additional mechanisms have evolved to influence the selectivity of PKA action (7). Specificity in PKA action is maintained in part by interaction with protein kinase A anchoring proteins (AKAPs). This family of structurally diverse but functionally related scaffolding proteins targets PKA and other signaling proteins toward distinct substrates. These protein-protein targeting interactions contribute to spatial and temporal regulation of second messenger signaling events (reviewed in Refs. 7, 8) .
The second messenger cAMP is frequently utilized in mammalian cells to regulate a variety of physiological processes. Cyclic AMP is generated at the plasma membrane in response to the occupancy of G-protein-coupled receptors. This ultimately leads to the stimulation of adenylyl cyclases, the enzymes that produce cAMP. The newly synthesized cAMP diffuses into the cell where it is available to activate a variety of effector proteins. These include protein kinase A (PKA) 4 (reviewed in Ref. 1) , cAMP-regulated ion channels (2) , and Epac guanine nucleotide exchange factors (3) . Activation of the PKA holoenzyme occurs upon binding of cAMP to the regulatory (R) subunits. This promotes dissociation of the active catalytic (C) subunits from the tetrameric complex and results in the phosphorylation of substrates in the vicinity of the active kinase (4, 5) . PKA holoenzymes are classified as either type I or type II on the basis of their R subunit composition (RI or RII) (6) . Four genes encode R subunits (RI␣, RI␤, RII␣, and RII␤). These proteins have distinct physical properties and affinities for cAMP (1) . Because PKA is a broad specificity serine/threonine protein kinase that regulates a wide range of cellular processes, additional mechanisms have evolved to influence the selectivity of PKA action (7) . Specificity in PKA action is maintained in part by interaction with protein kinase A anchoring proteins (AKAPs). This family of structurally diverse but functionally related scaffolding proteins targets PKA and other signaling proteins toward distinct substrates. These protein-protein targeting interactions contribute to spatial and temporal regulation of second messenger signaling events (reviewed in Refs. 7, 8) .
The AKAP family now includes more than 50 members when including splice variants (7, 8) . Although most of the AKAPs were initially identified on the basis of their ability to bind PKA type II inside cells, it is now recognized that several of these anchoring proteins such as D-AKAP1, D-AKAP2, AKAP220, Ezrin, Merlin, and PAP7 have a dual specificity as they also bind PKA type I (9 -14) . Other AKAPs are reported to selectively bind RI such as AKAP CE , myosin, and ␣4 integrins (15) (16) (17) . However, only two of these dual specificity proteins, the mitochondrial protein PAP7 and Ezrin (12, 18) , have been shown to preferentially interact with PKA type I in situ (15) (16) (17) .
Conventional AKAPs contain a conserved amphipathic helix of 14 -18 residues that forms the PKA-anchoring domain (19 -21) . This region inserts into a hydrophobic groove formed by the R dimer (22, 23) . The RII subunits dimerize at the N terminus in an antiparallel fashion forming an X-type four-helix bundle that is necessary for AKAP binding. RI contains a structur-ally similar docking and dimerization domain (20, (22) (23) (24) (25) (26) (27) (28) (29) . However, additional residues at the extreme N terminus in RI are believed to fold back onto a putative four-helix bundle and might contribute additional binding determinants for the RI dimer (29) .
Peptides patterned on the conserved amphipathic helix are effective inhibitors of PKA anchoring inside cells. As a result they are very useful tools to assess the role of anchored PKA in the control of cAMP-responsive events. The Ht31 peptide, derived from AKAP-Lbc, is considered to be the prototypic anchoring disrupter peptide (30, 31) . A more potent dual-specific anchoring disrupter peptide called AKAP-IS was designed by bioinformatics (32) . In 2006, the crystal structure of AKAP-IS in complex with the docking and dimerization domain of RII␣ was solved (26) . We took advantage of this information to develop a high affinity and RII isoform-specific anchoring disrupter peptide called SuperAKAP-IS. Similar technologies were used to generate an RI-selective anchoring disrupter peptide termed RIAD (33) . Both reagents can selectively be used as tools to delineate functional roles for the anchored PKA type I and anchored PKA type II isozymes inside cells.
However, other mechanisms that do not involve the amphipathic helix may also serve to anchor PKA. For example, pericentrin binds to the regulatory subunits of PKA (type II) through a binding domain of 100 amino acids (34) , whereas ␣4 integrins interact directly with the intact PKA (type I) holoenzyme via its cytoplasmic tail (17) . Interestingly, none of these AKAPs contain the conserved amphipathic ␣-helix.
In T cells, PKA type I phosphorylation of serine 364 in the C-terminal Src kinase (Csk) activates the enzyme to block T cell activation (35) . This proceeds through a mechanism that involves Csk-mediated suppression of the tyrosine kinase Lck. PKA type I is found at lipid rafts in resting T cells as well as in the soluble fraction (35) . Activation of the T cells involves a rapid polarization of the cell and the redistribution of PKA type I (36) . We have recently shown that the dual-specific AKAP Ezrin targets PKA type I to the immunological synapses during these events (37) . In addition to binding PKA, Ezrin also associates with EBP50, a linker protein that contacts Csk-binding protein (Cbp)/phosphoprotein associated with glycosphingolipid-enriched microdomains (PAG). Thus, Ezrin, EBP50, and Cbp/PAG form a scaffold that assembles the negatively regulatory cAMP-PKA type I-Csk pathway in T cell lipid rafts (37) .
In this study we document a comparison of Ezrin to other R-selective AKAPs and identify an additional region outside the amphipathic helix that facilitates RI binding. Bioinformatic analyses suggest that such regions are present in a majority of dual specificity AKAPs. We have called this region the RI Specifier Region (RISR). In vitro binding studies show that the RISR is important for Ezrin interaction with RI. Cell-based experiments suggest that mutations in the RISR of Ezrin that perturb RI anchoring alter the suppression of T cell signaling through a cAMP-PKA type I-Csk pathway.
EXPERIMENTAL PROCEDURES
Sequence Analysis-The amino acid sequences of the dual specificity AKAPs Ezrin (NP_003370), Merlin (NP_000259), PAP7 (NP_073572), D-AKAP1 (CAA66000), and D-AKAP2 (O88845) were aligned using the multiple sequence alignment feature of the DNAstar Lasergene software. MEME software was used for consensus sequence generation (38) . MEME settings included one motif per sequence, and a motif length of 24 amino acids was specified.
Cell Cultures-Jurkat cells expressing the SV40 large T antigen (Jurkat TAg) were cultured in RPMI 1640 medium (Invitrogen) supplemented with 10% fetal bovine serum, 100 units/ml penicillin, 1 mM pyruvate, and 1ϫ nonessential amino acids (complete medium). HEK293 and HEK293T cells were grown in Dulbecco's modified Eagle's medium (complete medium). Human peripheral blood was obtained from healthy donors (Ullevaal University Hospital Blood Centre, Oslo, Norway), and primary T cells were purified by negative selection as described previously (39) . Briefly, leukocytes were separated from peripheral blood mononuclear cell using gradient centrifugation (Lymphoprep; Axis-shield PoC AS). T cells were isolated from the resulting cell suspension by negative selection using magnetic beads coated with anti-CD14 and anti-CD19 (Dynal AS, Invitrogen). All cells were cultured at 37°C with 5% CO 2 .
Constructs-MEMEcons (QEALQREEESKRRQEEAEQR) and MEMEcons* (QEALQREEESKRRQERQSSA) sequences were cloned via TOPO cloning technology (Invitrogen) and thereafter into the EcoRI sites of pEGFP-C1 vector (Clontech). Bovine RI␣⌬1-37, RI␣⌬1-42, RI␣⌬1-52, and RI␣⌬1-59 mutants were cloned into pRSET-B. All constructs were confirmed by sequencing.
Immunoprecipitation-HEK293 cells at 50 -80% confluency were transfected with 5-10 g of plasmid DNA per 10-cm dish using Lipofectamine TM (Invitrogen). Cells were lysed 24 h after transfection in lysis buffer (20 mM Hepes, pH 7.5, 150 mM NaCl, 1 mM EDTA, and 1% Triton X-100) with protease inhibitors (Complete Mini EDTA-free tablets; Roche Diagnostics). Immunoprecipitations were carried out using antibodies against PKA RI␣ (BD Transduction Laboratories). Immunocomplexes were washed three times in lysis buffer containing 0.1-1% Triton X-100 before SDS-PAGE and immunoblotting with the indicated antibody (Ab).
siRNA Duplexes and siRNA-insensitive Constructs-The 21-nucleotide siRNA duplex targeting human Ezrin mRNA (Ez799, 5Ј-cccuuggacugaauauuuaug-3Ј; 5Ј-uaaauauucaguccaagggca-3Ј) and a triple G/C-mutated control (Ez799M3, 5Ј-cgcuucgagugaauauuuaug-3Ј; 5Ј-uaaauauucacucgaagcgca-3Ј) have been described previously (37) and were synthesized in-house. Ezrin clones insensitive to siRNA Ez799 were generated by introducing three nucleotide switches, C798G, T781G, and G787C (upper primer GCTTGGAGTTGATG-CGCTGGGACTCAATATTTATGAGAAAGATGA; lower primer TCATCTTTCTCATAAATATTGAGTCCCAGCG-CATCAACTCCAAGC) to avoid recognition by siRNA Ez799 in coexpression experiments.
Protein Expression and Purification-Bovine RI␣ (full-length and deletion mutants) and murine RII␣ protein were expressed in Escherichia coli BL21 by isopropyl 1-thio-␤-D-galactopyranoside induction (4 h) and purified on cAMP-agarose beads. Human RI␣ was affinity-purified and subsequently biotinylated as described previously (40) . Expression and purification of GST-D-AKAP1 were as described earlier (40, 41) . Truncated (278 -474 and 278 -404) Ezrin wild type, R389A-, or K359A/ K360A/R389A-substituted protein fused to GST were expressed in E. coli BL21 cells, induced using 0.4 mM isopropyl 1-thio-␤-D-galactopyranoside, and purified on glutathioneSepharose (Sigma).
Peptide Synthesis-Peptides used for ligand proximity assay (AlphaScreen) and IL-2 assays were synthesized on an Intavis MultiPep robot (Intavis Bioanalytical Instruments AG) and verified by high performance liquid chromatography. Peptides sequences were as follows: RIAD (LEQYANQLADQIIKEATE), RISR (ESKRRQEEAEQRK), RISR-RIAD (ESKRRQEEAEQRK-LEQYANQLADQIIKEATE), RISR-Ht31 (ESKRRQEEAEQRK-LIEEAASRIVDAVIEQV), RISR(Q6P/R12P)-Ht31 (ESKRRPE-EAEQPKLIEEAASRIVDAVIEQV), Ht31 (LIEEAASRIVDAVI-EQV), Arg 9 -RISR (RRRRRRRRRESKRRQEEAEQRK), and Arg 9 -RISR(Q6P/R12P) (RRRRRRRRRESKRRPEEAEQPK).
Autospot Peptide Array-Peptide spots were synthesized with Fmoc (N-(9-fluorenyl)methoxycarbonyl) protection chemistry on cellulose membranes using a Multipep automated peptide synthesizer (Intavis Bioanalytical Instruments AG) as described (42) .
AlphaScreen Assay-For characterization of biomolecular interactions using AlphaScreen (amplified luminescence proximity homogeneous assay), biotinylated RI␣ and GST-D-AKAP1 were conjugated to streptavidin-coated donor beads and anti-GST-coated acceptor beads (PerkinElmer Life Sciences), respectively. The assay was carried out in the dark using 384-well white opaque plates (PerkinElmer Life Sciences) as described previously (40) . Briefly, 20 nM GST-D-AKAP1 was incubated with 20 nM biotinylated RI␣ in the presence of different concentrations of peptide for 15 min on ice in a total of 15 l of assay buffer (25 mM Hepes, pH 7.4, 100 mM NaCl, and 0.1% BSA). Five l of acceptor beads were added and incubated on ice for 30 min. Subsequently, 5 l of donor beads were added and incubated at room temperature for 90 min before reading on an EnVision TM multiplate reader (PerkinElmer Life Sciences). Both bead types were added at 20 g/ml final concentration. IC 50 values were estimated by nonlinear regression analysis using SigmaPlot (SPSS Inc.).
R Overlay-R overlays were conducted as described (19), using 32 P-labeled recombinant murine RII␣ (43) or recombinant bovine RI␣ (A98S), substituted to allow autophosphorylation (44) . Briefly, the membrane with immobilized peptide or protein was blocked in Blotto (5% (w/v) nonfat dry milk and 0.1% BSA in Tris-buffered saline (TBS)). Purified recombinant R (4 g) was radiolabeled with purified catalytic subunit (C) of PKA (0.02 g/l) and [␥-
32 P]ATP (1.4 Ci l Ϫ1 ) in 50 mM MOPS, 50 mM NaCl, 2 mM MgCl 2 , and 1 mM dithiothreitol, pH 6.8, and separated from free [ P]ATP by gel filtration (G-50-Sepharose). Specific activity was quantified by liquid scintillation counting (1600TR Tri-Carb, Packard Instrument Co.). All overlays were performed overnight at room temperature using 1 ϫ 10 6 cpm/ml TBS, 0.01% Tween 20 (TBS-T). For competition assays, soluble peptide was added to the radiolabeled RI␣ and incubated for 2 h before the spotted peptides were added. The membranes were washed five times in TBS-T, and the signal was detected by autoradiography.
Solid Phase Pulldown-Lysate from 40 ϫ 10 6 Jurkat TAg cells was incubated overnight at 4°C with RISR or RISR(R12P) peptide synthesized in triplicate on cellulose membrane. The membranes were subsequently washed twice (20 min) in lysis buffer (50 mM Hepes, pH 7.4, 10 mM NaPP i , 0.1% Triton X-100, 50 mM NaF, 100 mM NaCl, 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM Na 3 VO 4 ) with protease inhibitors (Complete Mini, EDTA-free tablets, Roche Applied Science) and twice in high salt lysis buffer (1 M NaCl). PKA R subunit bound to the spotted peptides were eluted by boiling in SDS-PAGE sample buffer and analyzed by Western blotting using mouse anti-RI␣ and mouse anti-RII␣ (BD Transduction Laboratories).
Deletional Mapping of RISR Binding Area in RI-RISR peptides synthesized in triplicate on membranes were incubated with equal amounts of different N-terminally truncated RI␣ proteins (25 nM) in binding buffer (20 mM Tris-HCl, pH 7.4, 300 mM NaCl, 1 mM EDTA, 0.01% Triton X-100, 0.2 mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol) with protease inhibitors (Complete Mini, EDTA-free tablets, Roche Diagnostics). Assays were performed as described above, and binding was determined using mouse anti-RI␣ (BD Transduction Laboratories).
GST Pulldown-Purified GST or GST-Ezrin fragments and RI␣ subunit were incubated at a 1:1 ratio (100 nM each) in 100 l of pulldown buffer (20 mM Tris-HCl, pH 7.4, 300 mM NaCl, 1 mM EDTA, 0.2% Triton X-100, 0.2 mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol) with protease inhibitors (Complete Mini, EDTA-free tablets, Roche Diagnostics) for 30 min at 4°C. Fifty l of 50% glutathione-Sepharose slurry (Sigma) equilibrated in binding buffer were added to the proteins and incubated with rotation for 2 h at 4°C. Glutathione-Sepharose beads were subsequently washed three times with 500 l of binding buffer and bound proteins eluted by boiling in SDS-PAGE sample buffer. Eluted proteins were analyzed by Western blotting using mouse-anti-RI␣ (BD Transduction Laboratories) and anti-GST horseradish peroxidase conjugate (Amersham Biosciences).
Circular Dichroism-CD spectra of 24-mer peptides were obtained in the presence of 0 -50% (v/v) trifluoroethanol (TFE) at 20°C using a Jasco J-810 spectropolarimeter (Jasco International Co., Ltd.) as described previously (45) . Each sample was scanned five times at 20 nm/min (bandwidth 1 nm, and response time 1 s), over a 190 -260 nm wavelength range.
Transfection of Peripheral Blood T Cells, Peptide Loading, and Stimulation-Purified T cells were either transfected with 1 g of DNA and 500 nM siRNA according to the manufacturer's instructions using the human T cell nucleofector kit (Amaxa Biosystems) and incubated for 48 h in complete medium or loaded with 25 M Arg 9 -RISR peptides for 2-3 h before stimulation. A total of 2 ϫ 10 5 cells was subsequently incubated for 15 min with or without 8-(4-chlorophenylthio)-cAMP, at different concentrations and thereafter stimulated with anti-CD3/anti-CD28-coated beads (1.6 beads/cell) (Dynabeads CD3/CD28 T cell expander) for 16 h. Supernatants were harvested and IL-2 levels determined by ELISA according to the manufacturer's instructions (R & D Systems).
Immunofluorescence Analysis-For immunofluorescence analysis, transfected T cells were washed in PBS and settled for (1:250) in PBST-BSA were added for 30 min. Cells were then incubated with fluorochrome-conjugated secondary antibodies (Alexa Fluor 488 goat anti-mouse IgG1, Alexa Fluor 546 goat anti-mouse IgG2a, and Alexa Fluor 555 goat anti-mouse IgG (1:500), Molecular Probes) in PBST-BSA for 30 min before being mounted with glass coverslips using fluorescent mounting medium (DakoCytomation). Confocal microscopy was performed with a Zeiss LSM 510 META confocal microscope with a Plan-Apochromat 63 ϫ 1.4 oil differential interference contrast objective lens, using laser excitation at 488 and 546 nm. Pictures were obtained using sequential scanning, and the exposure settings and gain of laser were kept the same for each condition. Colocalization was determined using the freely available ImageJ software (rsb.info.nih.gov). Images were opened in ImageJ, and a membrane segment was manually outlined in each image for which colocalization was determined by defining "pixels containing red (Alexa 546) and green (Alexa 488)" AND "pixels containing red (Alexa 546) OR green (Alexa 488)" as Boolean variables and counting the number of pixels true for green and red divided by the number of pixels true for green or red using the Process/Image calculator tool of the software.
Statistical Analysis-Data are presented as mean Ϯ S.E. and were analyzed by Mann-Whitney U test. Differences with twosided p Ͻ 0.05 were considered significant.
RESULTS

Identification and Characterization of an Additional R-binding Motif in Dual Specificity
AKAPs-Following identification of Ezrin as the dual specificity AKAP for PKA type I in T cells, detailed mapping studies were initiated with fragments of the protein (37) to further define the RI and RII binding surfaces. In vitro binding experiments showed that the Ezrin 278 -474 fragment bound RI and RII as assessed by overlay assays (Fig. 1A , two middle panels, 1st lane). However, a smaller fragment of Ezrin (residues 278 -404) only retained the ability to bind RI (Fig. 1A , compare two middle panels, 2nd lane). Because this region lacks the amphipathic helix (schematic illustration, top panel), we reasoned that additional RI-binding determinants must reside in this segment of the protein. To define this region more precisely, a family of 160 overlapping immobilized 20-mer peptides (offset by two residues) were synthesized on a peptide array. These peptides were screened for RI binding to reveal a region of about 30 amino acids in Ezrin that was distinct from the amphipathic helix and contained two clusters of basic side chains (residues 356 -375 and residues 378 -397, Fig. 1B ).
Further analysis of these sequences using the same approach showed that removal of basic side chains at positions 359, 360, and 381 impaired the interaction with RI (Fig. 1B) . Substitution of Arg-381, Lys-359, and Lys-360 for alanine reduced RI binding, but more dramatic effects were obtained when combinations of these side chains were replaced. Control experiments confirmed that RII did not bind to peptides encompassing this RI-binding enhancer region of Ezrin (Fig. 1B) .
These results were confirmed when a GST pulldown assay was used to show that incorporating the amino acid substitutions identified in Fig. 1B were subjected to SDS-PAGE and RI-32 P or RII-32 P overlay. B, peptide array substitution analysis of PKA RI-binding to Ezrin. Wild type or substituted peptides (substituted amino acids marked in boldface) were spot-synthesized on solid phase and subjected to RI-32 P or RII-32 P overlay. Note: alanine substitution of Ezrin Lys-359/Lys-360 or Ezrin Arg-381 led to loss of RI binding. C, indicated GST-Ezrin proteins (amino acids 278 -474) with mutations as in B were tested for interaction with RI␣ by GST pulldown (pd) using glutathione-Sepharose beads. GST served as a negative control. The relative binding intensities to RI␣ were quantified by densitometry (mean Ϯ S.E.; n ϭ 3).
1C, 1st lane versus 2nd and 3rd lanes).
Control experiments established that the GST protein alone did not interact with RI. Collectively, these results suggest that the RI-binding enhancer region and the amphipathic helix binding domain are necessary for RI binding in vitro. Sequence alignment of the dual specificity AKAPs Ezrin, D-AKAP1, D-AKAP2, PAP7, and Merlin identified a region of homology upstream of the amphipathic helix ( Fig. 2A) . Further analyses revealed that almost all anchoring proteins previously denoted as dual specificity AKAPs contain such a region. In contrast, classical RII-binding proteins such as AKAP-Lbc and AKAP79/150 did not. Peptide array analyses showed that the RI-binding enhancer regions bound radiolabeled RI in a solid phase binding assay ( Fig. 2A, binding  indicated by area with red frame) .
The aligned RI-binding enhancer regions in these anchoring proteins were analyzed using the MEME algorithm to produce a consensus sequence (38) . The MEME algorithm generates a position-dependent scoring matrix by systematically calculating the probability that an amino acid would be found at a given position (Fig. 2B) . The optimal sequence was Glu-Ser-Lys-ArgArg-Gln-Glu-Glu-Ala-Glu-Gln-Arg-Lys in the context of a 24-mer. Peptides of this sequence bound RI as assessed by the overlay assay (Fig. 2D, upper row of peptides) . Next, a consensus sequence fused to GFP was expressed inside cells to determine whether this region was sufficient to bind RI. Immunoblot analysis showed that RI␣ coprecipitated with the GFP-MEME fusion protein (Fig. 2C) . RI␣ was not detected in control immune complexes formed with GFP fused to a control peptide (negative control) or GFP alone (Fig. 2C) . The levels of RI␣ in the immune complexes and the level of GFP in the cell lysates were evaluated as loading controls (Fig. 2C, middle and lower panels) . The 13-amino acid peptide minimal binding region ESKRRQEEAEQRK was termed the RI Specifier Region (RISR) as it appeared to enhance binding to RI when compared with RII in cells containing both RI and RII (Fig. 1A and Fig. 2, C and E) .
Further characterization of RISR was performed by a twodimensional peptide array study. A total of 260 peptide deriva- Green box, conserved R-binding amphipathic helix domain with AKAP-Lbc included; red box, RI binding detected on peptide array; reverse background letters, functionally conserved (blue, basic; red, acidic; gray, hydrophobic) residues among dual specificity AKAPs. B, using the MEME algorithm, a position-dependent scoring matrix representing the probability that an amino acid is found at a given position divided by the frequency that this amino acid is found in the nonredundant protein data base was calculated. C, coimmunoprecipitation (IP) of the GFP-fused D-AKAP homology region consensus (cons.) wild type or consensus where the last five amino acids EAEQR were changed to RQSSA (denoted *) with PKA-RI␣ as detected by anti-GFP immunoblotting. D, two-dimensional array of 260 RI-binding consensus peptide derivatives (as 13-mers) was synthesized where each residue in the native peptide (given by their single-letter codes above each array) was replaced with all the 20 amino acids (given by their single-letter codes to the left of each array). The 1st row in the array corresponds to the RISR, the consensus sequence determined from the alignment of dual specificity AKAPs. Binding of 32 P-labeled RI␣ was detected by autoradiography. White circles denote peptides in the array that corresponds to the native RISR sequence. The positions of important amino acids in RISR are indicated by boxes. E, RISR solid phase pulldown (pd). RISR peptides synthesized in triplicate on membranes were incubated in Jurkat TAg cell lysate overnight, and immobilized proteins were thereafter eluted, and the levels of PKA-RI␣, PKA-RII␣, and PKA-C were analyzed by immunoblotting. Anti-RI␣ and anti-RII␣ blots shown are both from 3-min exposures. C and E are representative of three independent experiments. D represents five independent experiments. tives was synthesized in which each residue in the peptide (given by its single-letter code above the array, Fig. 2D ) was substituted with all the 20 naturally occurring amino acids. The peptides were analyzed for solid phase binding of RI-32 P and detected by autoradiography (Fig. 2D) .
Substitution of positively charged side chains at positions Lys-3, Arg-4, Arg-5, Arg-12, and Lys-13 reduced RI binding (boxes in Fig. 2D ). All RI binding was lost in peptides with a proline in these positions. An R12P substitution (ESKRRQEE-AEQPK) or Q6P/R12P double substitutions (ESKRRPEEAE-QPK) were chosen as negative control peptides in future studies.
Some spots appeared to be stronger than the native sequence in the two-dimensional array. However, introducing these substitutions in new peptides gave no apparent effect on RI binding.
To analyze the RISR peptide with respect to binding of endogenously expressed PKA, we performed a solid phase immobilization assay. The RISR peptide and the negative control peptide RISR(R12P) were immobilized on membranes and incubated with Jurkat TAg cell lysate. Bound proteins were eluted with SDS loading buffer, and the presence of PKA subunits was assessed by immunoblotting using specific antibodies. As shown in Fig. 2E , PKA-RI␣ and PKA-C subunits were pulled down by the RISR peptide (1st lane) but not by the negative control peptide (2nd lane). In comparison, little or no PKA-RII␣ was pulled down by the RISR peptide.
The RISR sequence is rich in ␣-helix forming side chains such as alanine and glutamic acid (46) . The helicity of RISR as measured by CD was 53% in aqueous solutions and 91% in the presence of 50% TFE in the context of a 24-amino acid sequence (Table 1) . It is well known that 50% TFE induces and stabilizes ␣-helical structures (47) (48) (49) . We conclude that RISR is capable of forming a helical configuration that augments binding of PKA to the conventional amphipathic helix.
Mapping of the PKA RI␣ Region Binding to RISR-Reciprocal mapping studies were initiated to define the binding surface on RI that interacts with RISR. The ability of solid phase-bound RISR peptide to immobilize a family of N-terminally truncated RI␣ proteins in solution at equal concentration (25 nM) was examined. Binding to the RI anchoring disrupter (RIAD) peptide, which is patterned after the amphipathic helix, was analyzed in parallel (33) . N-terminally truncated versions of the R subunit (RI␣⌬1-11 and RI␣⌬1-15) bound RIAD more avidly than full-length RI␣ (Fig. 3A, bottom panel) as reported previously (33) . However, RIAD binding was lost with RI␣⌬1-24, a form of the R subunit that lacks a majority of the docking domain (25) (Fig. 3A, bottom panel) .
RISR bound wild type RI␣ and the RI␣⌬1-11 and RI␣⌬1-15 proteins with lower intensity but bound the RI␣⌬1-24 form more tightly (Fig. 3A, upper panel) . This would suggest that RISR interacts with determinants located downstream of side chains that are necessary for binding to the amphipathic helix. Confirmation of this notion was provided by evidence that the RI␣⌬1-37 truncation also binds immobilized RISR (Fig. 3A,  upper panel) . However, upon further truncation using RI␣⌬1-42, RISR binding was lost. Hence, our data suggest that RISR interacts with unique determinants on RI that are located C-terminal in the docking and dimerization domain. Furthermore, RISR bound equally well to cAMP-free as to cAMP-saturated RI indicating that cAMP binding does not affect interaction with the RISR (data not shown).
Our evidence that the RISR and RIAD-binding sites in RI␣ were nonoverlapping was further substantiated by the finding that excess RISR peptide in solution competed for RI binding to immobilized RISR but was unable to uncouple interactions with RIAD (Fig. 3B) . Reciprocal experiments showed that excess RIAD peptide blocked RIAD interaction with RI but had no effect on RI binding to RISR. Our data suggest that the amphipathic helix binding domain and RISR have distinct binding sites in RI␣ and may bind concomitantly (Fig. 3C) .
RISR Motif Serves to Enhance and Specify R Binding to AKAPs-
Because RISR may bind RI␣ concomitantly with the amphipathic helix, we examined the effect of RISR on R binding in combination with the amphipathic helix R-binding regions of the RI-selective RIAD and the RII-selective Ht31. Fig. 4A   FIGURE 3 . Mapping of the PKA RI␣ region binding to RISR. A, solid phase pulldown (pd). RISR peptides synthesized in triplicates on membranes were incubated in a binding buffer with equal amounts of indicated N-terminally truncated RI␣ proteins (25 nM). Bound protein was eluted and subjected to immunoblot analysis to determine the level of various N-terminally truncated RI␣ proteins bound. Two different antibodies to RI raised against either the full-length protein or a fragment covering amino acids 225-381 were used with identical results. B, RISR and RIAD were spot-synthesized on solid phase, and RI binding was analyzed by 32 shows a schematic illustration of the various combinations of RISR with the RIAD and Ht31 amphipathic helix binding domains that were tested. R binding was analyzed by RI␣-32 P overlay of immobilized peptides (Fig. 4B) . In these solid phase assays, the relative binding of RIAD to RI was almost 100-fold stronger than that of RISR. When RISR was combined with RIAD, however, binding was increased by 75% for RIAD-RISR, whereas no effect was observed by addition of RISR in the order RISR-RIAD. RISR(Q6P/R12P) exhibited no RI binding, and RISR(Q6P/R12P)-RIAD and RIAD-RISR(Q6P/R12P) were used as controls to exclude the possibility that the increase in RI binding was only because of the increase in peptide length. Thus, a synergetic effect on RI affinity was achieved by combination of the RISR and RIAD peptide motifs. These data indicate that combining RISR and the amphipathic helix enhances RI binding.
We have previously reported the binding properties of the dual specificity D-AKAP1 using an amplified luminescence ligand proximity assay (AlphaScreen) (40) . Therefore, we evaluated the effect of RISR-peptide combinations in solution using this RI competition binding platform to circumvent the possibility that steric hindrance had introduced artifacts into the solid phase assay, resulting in loss of binding, e.g. for the peptide RISR-RIAD. In the AlphaScreen assay, RISR that has comparably low RI affinity alone was not able to affect the D-AKAP1-RI interaction (data not shown), whereas both RIAD and Ht31 competed RI binding to D-AKAP1 with IC 50 values of 13 Ϯ 1.1 nM and 7.1 Ϯ 0.8 M, respectively. When the RISR sequence was combined with either peptide, the IC 50 decreased by 7.6-fold (RIAD) or 17.8-fold (Ht31) showing that RISR works as an enhancer for RI binding (Fig. 4, C  and D) . To rule out the possibility that the decrease in IC 50 was not only because of variation in peptide length, the RISR(Q6P/R12P) control peptide with two proline substitutions was also combined with Ht31. This appeared to increase modestly affinity as the IC 50 changed from 7.1 to 2.0 M for Ht31 versus RISR(Q6P/R12P)-Ht31, respectively. However, as the IC 50 of RISR-Ht31 was still almost 1 order of magnitude lower than that of the control, the synergistic effect of RISR appeared to be specific (Fig.  4D) . Furthermore, to examine the contribution of the endogenous RISR to the affinity of Ezrin for RI and RII, we did in-solution binding with increasing concentrations of RI and RII to wild type and K359A/ K360A/R381A-substituted GSTEzrin without the RISR and GST pulldown as in Fig. 1C . We found that the presence of the RISR increased the affinity of Ezrin for RI by 1.71 Ϯ 0.21-fold, whereas the affinity for RII was decreased by 0.71 Ϯ 0.057-fold (mean Ϯ S.E., n ϭ 3-4; data not shown). On total this means that there is a 2-fold or more change in relative affinity for RI over RII upon introduction of RISR, which brings the K D values for the Ezrin-RI and RII interactions into the same range.
Disruption of the RISR Motif in Ezrin Alters RI␣ Localization
Inside Cells-A combined strategy of RNA interference and rescue with modified Ezrin forms was used to evaluate the role of the RISR motif in the subcellular anchoring of RI. These experiments were performed in two phases. First of all, HEK293T cells were transfected with siRNA to deplete the cells of endogenous Ezrin (37) . Second, the cells were transfected with mammalian expression vectors encoding VSV-G-tagged Ezrin that is refractory to functional siRNA. Mutations in the RISR motif were introduced to yield Ezrin forms with substitutions K359A, K360A, and R381A. Changes in the subcellular location of RI␣-GFP were assessed by the detection of GFP fluorescence, and the cellular distribution of VSV-G-tagged Ezrin was evaluated with antibodies against the epitope tag. siRNA-resistant Ezrin wild type and RI␣-GFP colocalized in a membrane-proximal compartment that was consistent with earlier observations (Fig. 5, A-E) (37) . However, when siRNAresistant Ezrin (K359A/K360A/R381A) mutated in the RISR motif was coexpressed with RI␣-GFP, a reduction in colocalization was observed in the membrane-proximal compartment (Fig. 5, F-J) . Quantification of colocalization by identification of double-positive pixels as in Fig. 5 , E and J, indicated a reduction in colocalization by ϳ35-40% (1.5-fold decrease, n ϭ 20) when the native RISR motif in Ezrin was mutated (Fig. 5K) .
Next, endogenous Ezrin was knocked down by siRNA in human peripheral blood T cells, followed by introduction of siRNA-resistant, VSV-G-tagged Ezrin wild type or K359A/ K360A/R381A-substituted Ezrin defective in the RISR. Localization of Ezrin and endogenous RI␣ was examined by double immunofluorescence staining for VSV-G and RI␣. Although some RI␣ is known to be in the cytoplasm in T cells, we recently reported that a fraction of RI␣ colocalizes with peripherally located Ezrin in the vicinity of the cell membrane that serves to scaffold the PKA type I-Csk immunomodulating pathway in T cells (37) . Consistent with our earlier observations, wild type Ezrin colocalized with RI␣ in the membrane-proximal compartment (Fig. 6, A-E) , whereas Ezrin (K359A/K360A/R381A) did not appear to colocalize with RI␣ to the same extent (Fig. 6,  F-J) . Indeed, quantification of colocalization of endogenous PKA RI␣ and Ezrin appeared to be reduced by almost 50% (1.8-fold decrease, n ϭ 40) in primary T cells when the native RISR motif in Ezrin was knocked out by alanine substitution of amino acids Lys-359, Lys-360, and Arg-381 (Fig. 6K) . This confirms the results seen in GSTpulldown experiments (Fig. 1D) and suggests that the RISR motif may have functional significance for RI binding to AKAPs in situ.
cAMP-mediated Inhibition of TCR-induced IL-2 Production Is Abrogated When RI␣ Interaction with the RISR Domain Is DisruptedcAMP inhibits TCR-signaling events such as IL-2 production. This occurs through the modulation of a kinase cascade inhibitory pathway where PKA type I phosphorylates Ser-364 in the tyrosine kinase Csk to stimulate its catalytic activity (35) . Elevated Csk activity next inhibits the Src family tyrosine kinase Lck leading to a suppression of T cell activation. Ezrin functions as the anchoring protein that brings PKA type I in proximity to Csk by forming a supramolecular signaling complex together with the Csk-binding protein PAG and the linker protein EBP50 (37) . Because PKA type I anchoring contributes to the modulation of this kinase cascade, we wanted to assess whether disruption of the Ezrin-PKA interaction by the RISR peptide would interfere with cAMP-mediated inhibition of T cell function. We generated cell-permeable versions of RISR and the control peptide RISR(QP6/RP12) by introducing nine arginine residues to the N termini of the peptides. Normal peripheral blood CD3 ϩ T cells were incubated with these peptides for 2-3 h. Cells were either left untreated, stimulated with CD3/CD28, or pretreated with increasing concentrations of the cAMP analog before CD3/CD28 stimulation. Twenty hours post-activation, levels of IL-2 secreted to the media were measured by ELISA. The Arg 9 -RISR peptide partially reversed cAMP/PKA-mediated inhibition of IL-2 production, whereas the Arg 9 -RISR(Q6P/R12P) control peptide had no effect (Fig. 7A) .
Parallel experiments were then conducted in the context of the Ezrin protein. We examined the effect of replacing endogenous Ezrin with the Ezrin with disrupted RISR on cAMP-mediated inhibition of T cell function using the RNA interference/ rescue strategy described above. Human peripheral blood T cells were transfected with control siRNA or functional siRNA to remove endogenous Ezrin before siRNA-resistant wild type or K359A/K360A/R381A-substituted GFP-Ezrin was introduced. Forty eight hours post-transfection, cells were treated with increasing concentrations of cAMP analog, activated as above, and IL-2 levels were measured. Consistent with our ear- lier observations (37) , knockdown of endogenous Ezrin changed the sensitivity of IL-2 production to cAMP and partially reversed cAMP-mediated inhibition at lower doses of cAMP (Fig. 7B , compare dark gray bar with black bar with control siRNA at 5 M cAMP). Introduction of siRNA-resistant wild type Ezrin restored the sensitivity to cAMP (Fig. 7B, light gray  bars) , whereas introduction of K359A/K360A/R381A-substituted Ezrin where the native RISR motif had been disrupted did not (Fig. 7B , compare open bars to light gray bars). Under optimal conditions (1000 nM siRNA and 48 h posttransfection), we achieved 80% knockdown of Ezrin at the protein level (Fig. 7C ). Control blots with anti-GFP showed that all constructs were expressed and that wild type and mutant siRNA-resistant GFPEzrin were expressed at the same level (Fig. 7C ). In conclusion, disruption of PKA type I binding to the native RISR motif in Ezrin either by peptide loading to compete the interaction or by replacement of endogenous Ezrin with RISR-defective Ezrin reduces the sensitivity to cAMP-mediated inhibition of T cell function indicating that RISR has functional significance in Ezrin.
DISCUSSION
In this study we demonstrate that dual specificity AKAPs contain an additional PKA-binding region. By substitution analyses, biochemical interaction studies, and immunolocalization, we show that the RISR that resides in Ezrin preferentially facilitates the localization of PKA type I in T cells. Furthermore, we demonstrate that RISR-facilitated targeting of PKA type I is important for the sensitivity of cAMP-mediated inhibition of T cell function. By peptide array substitution and deletion studies, we also define a consensus RISR that independently binds RI and serves to confer specificity and affinity to RI interaction with AKAPs.
When RISR was coupled to either RIAD or Ht31, a synergistic effect of combining both sequences in the same peptide was observed on binding to RI both by solid phase immobilization assays and in solution competition assays. Thus, AKAPs that contain both regions have a higher affinity for RI than AKAPs that only contain an amphipathic helix. This additional region may have evolved to facilitate PKA type I anchoring, which appears to be a more dynamic process than PKA type II anchoring. These differences could relate to how the R-binding helix associates with the docking and dimerization domains of RI and RII. Surface plasmon resonance, fluorescence polarization, and equilibrium dialysis experiments suggest that RI binds AKAP peptides with a lower affinity and a faster off-rate than RII. Consequently, the AKAP-PKA type I holoenzyme complex is rather dynamic (19, 32, 41) . The presence of an additional binding surface such as the RISR would provide a mechanism for multisite contact with the RI subunit that may stabilize the formation of the anchored PKA type I complex. In contrast the RII interaction with the amphipathic helix is robust enough to favor the maintenance of an anchored PKA holoenzyme complex inside cells (7) .
The importance of RISR in binding to PKA type I was illustrated by the fact that substitutions in the Ezrin RISR led to reduced binding to RI both in vitro and in situ even though the amphipathic helix was intact. In contrast, the Ezrin RISR displayed little or no binding to RII and did not seem to enhance binding of RII to the amphipathic PKA binding domain either. Ezrin associates with Cbp/PAG and EBP50 and targets PKA type I to this supramolecular complex, thereby positioning PKA in close proximity to Csk for phosphorylation and regulation of Csk activity (37) . Thus, it was relevant to use Ezrin as a model to analyze the functional effect of RISR in an siRNA knockdown and rescue approach. By substituting amino acids in the RISR of Ezrin, PKA type I was efficiently displaced from this complex, and sensitivity to cAMP-mediated inhibition of T cell function was reduced resulting in comparably higher levels of IL-2 secreted. Furthermore, by addition of arginine-coupled RISR peptides to cells, a similar disruption of the Ezrin-PKA type I interaction was observed as when the RISR of Ezrin was substituted. This perturbation of the PKA type I interaction with Ezrin in the Ezrin-Cbp-PAG-EBP50 complex upon the delivery of RISR reduced the sensitivity to cAMP-mediated inhibition of T cell signaling. In conclusion, these experiments confirmed that the RISR is important for PKA type I binding to the dual specificity AKAP Ezrin. Further studies will be necessary to investigate the functional role of the RISR in other AKAPs containing this region. For example, the dual specificity AKAP PAP7 has been shown to bind RI in vivo (12) and contain a putative RISR. PAP7-mediated hormonal control of steroid biosynthesis has been shown to implicate RI (33) , and it would be interesting to assess the functional significance of RISR in this context in future studies.
AKAPs are known to be functionally related but structurally unrelated proteins that share a 14 -18-amino acid amphipathic ␣-helical domain (19 -21) . Our biochemical studies suggest that the RISR also is of ␣-helical nature as proline substitutions abolish binding. This is further confirmed by CD measurements. Structural analyses suggest that the pseudo-symmetry of the helical axis in the AKAP PKA binding domain aligns with that of the four-helix bundle formed by the R subunit dimer. We believe that RISR binds to RI via a different mechanism. Several pieces of data support this notion. First of all, it appears that RISR binds to RI outside the area contacted by the amphipathic helix domain as evident from interaction studies with truncated RI proteins. Second, RISR does not display any internal symmetry that is a defined characteristic of the conventional PKA anchoring domain (26, 28) . Consequently, it is likely that D-AKAPs contact the symmetrically arranged RI dimer with the alignment and symmetry coordinated by the amphipathic helix domain. This could suggest that RISR contacts only one of the RI protomers in the dimer. In support of this, we could not find any indication of duplications and inversions of RISR in the majority of dual specificity AKAPs, with the possible exception of Ezrin and Merlin. Interestingly, RISR appeared to localize N-terminal to the amphipathic helix binding domain in AKAPs found to contain this region, although positioning the consensus RISR C-terminal to the helix was also permissible in synthetic peptides.
RISRs can be detected in a number of dual specificity AKAPs such as Ezrin, Merlin, PAP7, D-AKAP1, and D-AKAP2. This could imply that this region is an evolutionally conserved motif that has been incorporated into these AKAPs to facilitate binding of PKA type I rather than PKA type II. Whether an AKAP signal complex contains PKA type I or type II may have functional consequences as PKA type I activates at 2-4-fold lower concentrations of cAMP than PKA type II. Consequently, RISR-facilitated recruitment of PKA type I rather than PKA type II to a specific AKAP complex could increase the sensitivity of the particular physiological process regulated by the signal complex to cAMP.
AKAPs with unconventional PKA-binding regions, such as pericentrin and ␣4 integrins (17, 34) , do not contain RISR-like sequences and appear to have distinct types of binding sites. This indicates a greater diversity in PKA-binding sites than earlier recognized. It is interesting to speculate that AKAPs containing these unconventional binding sites might also be members of subclasses that could prove to contain yet unrecognized members. Some AKAPs such as AKAP220, AKAP350/450/cgNap, and BIG2 also have two or three R-binding sites spread throughout the protein sequence, but the functional signifi-cance of this multiple anchoring and the possible interdependency of the sites has not been investigated (14, 50 -52) .
In summary, our data show that RISR is an additional PKAbinding region in dual specificity AKAPs, and this region has functional significance for cAMP sensitivity of processes regulated by PKA bound to the dual specificity AKAP Ezrin.
